In this work, polycrystalline gold nanoparticles decorated carboxylated graphene oxide (Au-COOH-GO) nanohybrids have been prepared and were used to fabricate electrochemical immunosensor for detecting of aflatoxin B1 (AFB1). The obtained Au-COOH-GO nanohybrids are characterized by transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS) and UV-vis absorption spectra. Each step of the immunoelectrode design is evaluated using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The surface reaction mechanism of AFB1 on Au-COOH-GO nanohybrids also has been investigated. The concentration and incubation time of antibody, pH, and immunoreaction time are optimized by square wave voltammogram (SWV). Under the optimal conditions, the detection limit of AFB1 is 0.05 ng mL -1 (S/N=3) with a linear AFB1 concentration range of 0.05 to 25 ng mL -1 . The fabricated immunosensor shows a good reproducibility, stability, and selectivity and can successfully detect AFB1 in real rice sample.
INTRODUCTION
Aflatoxin B1 (AFB1) is a highly toxic difurancoumarin derivative produced mainly by Aspergillus flavus and A. parasiticus [1] . AFB1 is considered as one of the most potent teratogenicity, mutagenicity, carcinogenicity and toxicity to human and animal health [2] . The AFB1 usually appears widely in variety of agricultural and sideline products. For example, rice, wheat, peanut, maize, nuts, soybean, fruits and vegetable [3] . The State Administration of Quality Supervision and Administration of the People's Republic of China proposes that the regulatory limit is 20 ng mL -1 of AFB1 in foodstuff [1] . Therefore, developing reliable, selective, sensitive and accurate analytical methods to detect of AFB1 is of great importance.
In recent years, a variety of analytical techniques have been proposed for AFB1 determination. Such as, the liquid chromatography/tandem mass spectrometry (LC/MS) [4] , the high performance liquid chromatography (HPLC) [5] , enzyme-linked immunosorbent assay (ELISA) [6] , electrochemiluminescence (ECL) [1] , surface plasmon resonance (SPR) [7] , and many immunoassay methods [1, 2, 8] . Although these above methods can successfully detect AFB1, some methods are relatively complex, time-consuming, and need expensive instruments or skillful operators. Biosensing methods are alternatives for detection of aflatoxins due to its simple, high sensitivity and specificity, cost-effectiveness, and portable detection. Electrochemical immunoassay exhibits high sensitivity and high specificity for the detection of pesticide residues, diseases, and environmental pollutants.
With the development of sensing technology, the design of biosensors with good performance has become more fascinating. It is very critical that functional modification of the electrode surface. That will be benefit for immobilization of biomolecules which could affect the sensitivity and the selectivity of sensor. Because the introduction of multifunctional nanomaterials can help to achieve a direct wiring of electrode with the biomolecules [9] . Graphene has been greatly applied in developing electrochemical biosensors due to its fast electron-transfer kinetics, large surface area and high electrical conductivity [10] . Carboxylated graphene oxide (COOH-GO) is a derivative of graphene oxide (GO). The presence of of abundant oxygen-containing groups at the edges/surface of COOH-GO, which allows COOH-GO possess excellent solubility and strong conductivity. Furthermore, a large of functional groups is benefit for loading metal nanoparticles and immobilizing biomolecules, and further improves the electron transfer rate [11] . In addition, the gold nanoparticles (Au NPs) have recently attracted enormous research attention in biosensor due to its excellent biocompatibility, catalytic, unique photophysical properties. More importantly, the properties of Au nanoparticles (NPs) can be affected by their size, shape and surrounding chemical environment [12, 13] . In other words, the electrochemical performance of Au-based nanomaterials depends on the shapes of Au NPs to a great extent. Furthermore, incorporation of Au NPs and other nanomaterials can simultaneously enhance charge transfer ability and are beneficial to the improvement of electrochemical performance.
In this paper, polycrystalline Au NPs decorated COOH-GO (Au-COOH-GO) nanohybrids were prepared. The introduction of polycrystalline Au NPs can effectively inhibit the aggregation of COOH-GO nanosheets, COOH-GO can disperse of Au NPs to fabricate Au NPs decorated COOH-GO nanohybrids. Meantime, the large surface areas and electroactive sites are benefit for immobilizing biomolecules. Here, a label-free immunosensor based on Au-COOH-GO nanohybrids has been developed for simple and sensitive determination of AFB1. The excellent performance of Au-COOH-GO nanohybrids is benefit for immobilizing Anti-AFB1 antibodies. The fabricated immunosensor reveal good sensitivity and selectivity for the detection of AFB1, the proposed sensor can be applied in real samples.
EXPERIMENTAL

Materials
Carboxylated graphene oxide dispersion solution is obtained from Nanjing Jcnano Technology Co., Ltd (China). HAuCl4 (99.99%, wt.%), AFB1, mouse anti-AFB1 monoclonal antibody, bovine serum albumin (BSA) are obtained from Shanghai Eybridge Chemical Technology Co., Ltd. Polyvinylpyrrolidone (PVP, M=55000 g mol -1 ), ascorbic acid and other reagents are analytical-grade reagents. The phosphate buffer solution is prepared using NaH2PO4 and Na2HPO4. Ultra-pure water which is obtained from a Milli-Q water purifying system is used for preparation of all aqueous solutions.
Preparing of Au nanoparticles decorated COOH-GO nanohybrids
PVP (35 mg) and ascorbic acid (60 mg) are ultrasonically dispersed in 4.0 mL ultra-pure water. Then 2 mL COOH-GO dispersion (0.5 mg mL -1 ) is added into the above solutions. The obtained mixture solution is reacted 10 min at 90 ℃under magnetic stirring. Then, HAuCl4 solution (1 mL, 3 mM) is dropwise added to the stirred above solutions, and the reaction mixture is stirred for 3 h until the Au precursor is reduced completely. The resulting Au-COOH-GO nanohybrids are collected by centrifugation, completely washed with ethanol and resuspended in ultrapure water for further use. The obtained sample is defined as sample 1.
Fabrication of the immunosensor and measurement procedure
The bare glassy carbon electrode (GCE, 3 mm diameter) is polished with 1.0, 0.3, 0.05 μm alumina slurry in sequence, then washed sequentially with ethanol and ultrapure water by ultrasonic and dried in air. The sample 1 is used to conduct electrochemical experiments. The 7 μL of Au-COOH-GO solution is dropped on the GCE surface. The electrode is incubated in an 150 μg/mL AFB1 antibody solution for 40 min at 37 ℃ after drying in the air, it is rinsed thoroughly with PBS (pH=7.0) solution to remove the unstable AFB1 antibody on the GCE surface. And then the obtained electrode is incubated in 0.2 % BSA solution for 40 min at 37 ℃ in order to block the unspecified active sites. Finally, the electrode is incubated into AFB1 antigen solution for about 30 min at 37 ℃, then rinsed with PBS (pH 7.0) to remove the physically adsorbed AFB1 antigen molecules, stored at 4 ℃. The preparation of Au-COOH-GO nanohybrids and the farbricated strategy of electrochemical immunosensor towards AFB1 are depicted in Scheme 1.
Scheme 1.
Schematic representation of the preparation process of the immunosensor.
Characterization
UV-vis absorption spectra are carried out on a Puxi TU-1900 spectrophotometer. ESCALAB 250XI X-ray photoelectron spectroscopy (XPS) is used to characterize composition of nanomaterials. The morphology analysis is performed on JEM-2100 transmission electron microscope (JEOL Ltd.). Cyclic voltammogram (CV) and square wave voltammogram (SWV) experiments are performed using CHI 660E electrochemical analyzer (CHI, Shanghai) with standard three-electrode system: working glassy carbon electrode (GCE, 3 mm diameter) versus saturated Ag/AgCl reference electrode and a platinum wire as counter electrode. For the electrochemical measurement, antigen and antibody with different concentrations are dissolved in 0.2 M PBS (pH 7.0). The CV, SWV and the impedance experiments are conducted in PBS solution containing 1.0 mM Fe(CN)6 3-/4and 0.1 M KCl. The peak current change (△I) is used to evaluate the electrode-to-electrode variation: ΔI=Ii-I0, where Ii and I0 are the current response values measured in blank solution and in AFB1 solution.
Sample preparation
The sample is obtained according to our reported method previously [14] . The rice is purchased from local market. Ground rice (10 g) is ultrasonic extracted with 50 mL of methanol-water (1:1, v/v) with 30 min. The extract is collected by centrifugating. The obtained extraction is diluted 1:5 with 0.2 M PBS and spiked with different concentration of AFB1 (5.0, 10.0, 15.0 ng mL -1 ). Finally, the spiked extracts are incubated for 30 min at 37 ℃, and the SWV responses are recorded as previously described
RESULT AND DISCUSSION
Synthesis and characterization of Au-COOH-GO nanohybrids
The UV absorption spectrum of obtained sample is shown in Figure 1 . The COOH-GO shows an obvious peak at 230 nm and a shoulder peak about 300 nm. This corresponds to π-π* and n-π* transitions of aromatic C=C and C=O bonds, respectively [15] . After the Au NPs are decorated onto the surface COOH-GO, the absorption peak of COOH-GO is redshifted 2 nm to 232 nm, that maybe due to the interactions between COOH-GO and Au NPs. Also a broad peak at 515 nm assigned to the surface plasma adsorption band of Au NPs [16] . Figure 2A shows the XPS of Au-COOH-GO nanocatalysts. The dominant XPS peaks at 284.65 eV, 532.64 eV, 398.97 eV, and 83.76 eV come from C1s, O1s, N1s, and Au4f, respectively. Figure 2B shows high resolution XPS spectra of C1s core level of Au-COOH-GO nanocatalysts which is consisted of three main peaks. The binding energy at 284.8 eV is attributed to the C-C of aromatic ring [17] . The peak at 287.4 eV is attributed to keto group (C=O) of carbonyl and carboxyl groups. The presence of C-N bond at 285.8 eV which further confirm the successfully doping of N into GO [18] . As shown in Figure 2C , the core spectra of O1s displays two peaks at about 531.1 eV and 532.4 eV corresponded to the C=O and C-O. Figure 2D shows high resolution Au4f spectra. There are two peaks at 83.8 eV and 87.5 eV are contributed to 4f7/2 and 4f5/2 of the metallic Au (0) state, respectively [19] . Au4f XPS spectra of Au-COOH-GO nanocatalysts.
Interestingly, we found that the metal ion concentration can effectively affect the size and shape of Au NPs in Au-COOH-GO nanocatalysts. As shown in Figure 3 , the COOH-GO shows a lamellar and transparent film shape. When the concentration of HAuCl4 is 3.0 mM, we found that the irregular shaped Au NPs evenly distributed on the surface of COOH-GO sheets with minimal agglomeration ( Figure 3A) . The irregular shaped Au NPs are comprised of hexagonal, pentagonal and spherical shapes. The average size of Au NPs is about 19.0 nm. The results further show formation of polycrystalline Au NPs in sample of Au-COOH-GO nanocatalysts. When the concentration of HAuCl4 is further increased to 4.0 mM, the TEM image ( Figure 3B ) shows that the shapes of Au NPs are relatively complex and the size of Au NPs are very uneven. That maybe due to the initially formed Au NPs are not stabilized effectively, and excess HAuCl4 are liable to accumulate on the initially formed Au NPs. That will result secondary growth of Au NPs and cause the average particle size of Au NPs increase. Furthermore, the reaction rate is accelerated with the increase of concentration and formed very smaller sized Au NPs in the very beginning, which will resulting in the formation of uneven Au NPs decorated onto the COOH-GO. Then lead to form various shapes of Au NPs decorated onto the COOH-GO [20] . 
Characterization of the immunosensor fabrication
In order to investigate the interface features of surface-modified electrodes, CV and EIS are used to as effective methods to discuss the interface features of immunosensors [21, 22] . Figure That mainly due to the antibody blocks the active sites and further blocking the electron transfer between [Fe(CN)6] 3−/4− and the electrode. The peak current further decreases when BSA is immobilized on the electrode surface (curve c). This phenomenon proves that the BSA has blocked the unrecognized active sites. Lastly, the peak current further decreased after AFB1 antigens are incubated (curve d). The results reveal that antibody-antigen immunocomplexes have formed successfully, which hinder the diffusion of [Fe(CN)6] 3−/4− toward the electrode surface [23] .
EIS is used to investigate the resistance occurring in the charge transfer mechanism within the interface of the electrode and the electrolyte solution. As show in Figure 4B , the Au-COOH-GO/GCE reveals a straight line (curve a), proving that the electron-transfer process is very fast in electrochemical process. The resistance is increased after the antibodies are incubated which implies a lower electron-transfer rate at the electrode interface (curve b). The semicircle diameter increases obviously when BSA is incubated (curve c). The result illustrates the BSA is successfully blocked the active sites of nonspecific adsorption. The semicircle diameter is remarkably increased when formation of antibody-antigen immunocomplexes (curve d) [24] . The all results show that the electrochemical immunosensor of AFB1 is successfully fabricated. 
Mechanism of the electrochemical process on the immunosensor
The electrochemical reaction mechanism of AFB1 on immunosensor is investigated using CV at different scan rates. As shown in Figure 5A , the redox peak currents are increased linearly with the increasing of scan rate from 15 to 100 mV s -1 . The linear regression equations between peak currents and square root of scan rates can be obtained from Figure 5B . The linear regression equations are as follows: Ipa (μA) = 16.80 υ 1/2 -0.11 (R 2 =0.9940) and Ipc (μA) = -16.70 υ 1/2 +0.33 (R 2 =0.9955). The results revealing that the electrochemical reaction of AFB1 on AFB1/BSA/anti-AFB1/Au-COOH-GO immunosensor is diffusion controlled process [25, 26] . In addition, Figure 5A also shows that the oxidation peak potentials shifted in the positive direction and the reduction peak potentials shifted in the negative direction with increasing of scan rate. Figure 5C shows the plots of anode and cathode peak potential against lgυ, respectively. The linear equations are: Epa (V) = 0.107 lgυ (V/s)+0.532 (R 2 =0.9778) and Epc (V) = -0.075 lgυ (V/s)+0.029 (R 2 =0.9646), respectively. Based on the Laviron's theory [27] , the slopes can be used to calculate the transfer coefficient (α) and charge electron transfer rate constant (ks) according to the following relation:
where E 0 ′ is the formal standard potential, n is the transferred electron number, R is gas constant, F is Faraday constant, T is thermodynamic temperature, △Ep is the peak-to-peak potential separation. According to the Laviron's theory, α is 0.59, n is 1.0, and ks is 0.09 s -1 . 
2.3RT
Optimization of immunization conditions
In order to optimize the immunoassay conditions, the effects of the concentration, incubation time of antibody, pH, and immunoreaction time are investigated. Figure 6A shows the effect of concentration of the antibody on the performance of immunosensor. When the concentration of antibody increased from 25 μg mL -1 to 200 μg mL -1 , the peak current changes significantly increased with the increasing antibody concentration till the peak current reached a plateau at 150 μg mL -1 . That maybe due to the mass of anti-AFB1 immobilized on sensor surface is almost saturated [28] . Thus, 150 μg mL -1 is chosen in subsequent experiments.
Solution pH is also play an important effect in the performance of the immunosensor. The influence of pH is investigated in range of pH range 5.0-8.0. As shown in Figure 6B , the maximum current change is obtained at pH 7.0. This phenomenon can be due to the denaturation of the biological activity of antibodies/antigens in acidic or alkaline solutions [28, 29] . So, the optimal pH is 7.0.
The effect of incubation time of anti-AFB1 is investigated in the range from 20 to 60 min. From the results shown in Figure 6C , the peak current change increased from 20 min to 40 min, and decreased from 40 min to 60 min. Thus, 40 min is selected as the optimal incubation time for anti-AFB1.
The incubation time is also investigated. As shown in Figure 6D , the peak current change increased and reached maximum at 30 min when increasing reaction time from 10 to 30 min. and the peak current change is tended to reach a saturation value when increasing the reaction time. This phenomenon indicating that the balance of the antigen-antibody reaction is achieved at 30 min. Therefore, 30 min is selected as optimal immune reaction time. immunoreaction time (D) on peak current of immunosensor. The concentration of antigen is 10 ng mL -1 .
Electrochemical detection of AFB1
The SWV measurement is used to detected AFB1 standard solutions with different concentrations under optimal conditions. As shown in Figure 7A , the peak current values gradually decreased with the increasing of AFB1 concentration from 0 to 25 ng mL -1 . The peak current is proportional to the concentration of AFB1 range from 0.05 to 25 ng mL -1 with a detection limit of 0.05 ng mL -1 (S/N=3). The linear regression equations is I=0.17C-6.965 (R 2 =0.9937). The analytical performance of the immunoassay has been compared with those of other AFB1 immunoassays reported ( Table 1 ). The comparative data suggested that the present sensor has a good immunity for the detection of AFB1. 
Reproducibility, stability, and selectivity of immunosensor
The reproducibility of the immunosensor for AFB1 is evaluated by prepared five modified working electrodes under the same conditions ( Figure 8A) . The results reveal that the relative standard deviation (RSD) of the AFB1 measurements for five sensors is 2.25%, proving that the proposed immunosensor has good reproducibility. In addition, the stability of immunosensor is also studied, the fabricated immunosensor is stored in a refrigerator for four weeks at 4 °C. As shown in Figure 8B , the current still kept 94.6% of initial current value, revealing that the immunosensor possess good stability. Furthermore, the selectivity of the immunosensor also has been investigated to evaluate the specificity of immunosensors. The immunosensor is incubated with AFB2, AFM1, AFG1 under the same condition. As can be seen from Figure 8C , the selected antigens are almost no interference for detection of AFB1.
The results show that the immunosensor possessed good selectivity for determination of AFB1. 
Detection of AFB1 in rice samples
In order to demonstrate the reliability of this immunosensor, the standard addition method is used for the detection of AFB1 in rice. As presented in Table 2 , the recovery of rice samples ranged from 98.9% to 101.2%. The results indicating that the proposed method is acceptable for analyses of AFB1 in spiked rice samples. 
CONCLUSION
In this work, we developed an electrochemical immunosensor based on polycrystalline gold nanoparticles decorated carboxylated graphene oxide (Au-COOH-GO) for the detection of AFB1. A lot of functional groups, large specific surface area, excellent biocompatibility and electrochemical activity of Au-COOH-GO nanohybrids are benefit for immobilizing antibody, and further improves the electron transfer rate. The obtained Au-COOH-GO nanohybrids are characterized by TEM, XPS and UV-vis. The concentration and incubation time of antibody, pH, and immunoreaction time are optimized by SWV. Under the optimal conditions, the detection limit of AFB1 is 0.05 ng mL -1 (S/N=3) with a linear AFB1 concentration range of 0.05 to 25 ng mL -1 . The fabricated immunosensor shows a good reproducibility, stability, and selectivity and can successfully detect AFB1 in real rice sample. The results show that the proposed AFB1 immunosensor is simple, sensitive, and fast, which opens up a new promising AFB1 platform for other small molecules analysis.
